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I. Ir and O basis set used in the calculations 
 
The basis set of Ir  (Crystal09 format): 
 
277 12 
INPUT 
17 5 6 5 5 5 0 
    823.5880147             -0.1578014           -1 
    364.6613336             -1517.5270446     0 
    55.7082801               -316.5306529       0 
    12.0464544              -91.8880941          0 
    3.5120610                -9.2241773            0 
    188.0490770             3.1578014             -2 
    340.4194712             26.8322577           -1 
    128.2373673             800.4250007        0 
    33.8644961               369.4050683        0 
    4.7560005                 242.4171899        0 
    3.9649974                -118.2173282        0 
    289.7291139             2.1578014            -2 
    87.4633789               61.9678610          -1 
    30.4363766               269.0581986        0 
    4.0553412                 231.1654793        0 
    3.5525341                 -133.6952667       0 
    136.4017106             3.1578014            -2 
    95.0776925               45.9349803          -1 
    49.2258410               359.0344668        0 
    15.0874145               176.4740119        0 
    4.0405764                 54.5155286          0 
    127.3507908             3.9546197            -2 
    66.2364374               52.9773655          -1 
    34.4299229               274.8643383        0 
    10.1995721               137.2047338        0 
     2.5409702                14.8633305          0 
0 0 1 2. 1. 
      2.3500000              1.0000000 
0 0 1 2. 1. 
      1.5820000              1.0000000 
0 0 1 0. 1. 
      0.5018000              1.0000000 
0 0 1 0. 1. 
      0.2500000              1.0000000 
0 2 1 6. 1. 
      2.7920000              1.0000000 
0 2 1 0. 1. 
      1.5410000              1.0000000 
0 2 1 0. 1. 
      0.5100000              1.0000000 
0 2 1 0. 1. 
      0.0980000              1.0000000 
0 3 1 7. 1. 
      1.2400000              1.0000000 
0 3 1 0. 1. 
      0.4647000              1.0000000 
0 3 1 0. 1. 
      0.1529000              1.0000000 
0 4 1 0. 1. 
      0.9380000              1.0000000 
 
The basis set for O (Crystal09 format): 
8 5 
0 0 7 2. 1. 
   7817.0000000              0.0011760 
   1176.0000000              0.0089680 
   273.2000000                0.0428680 
   81.1700000                  0.1439300 
   27.1800000                  0.3556300 
    9.5320000                   0.4612480 
    3.4140000                   0.1402060 
0 0 2 2. 1. 
     9.5320000                 -0.1541530 
     0.9398000                  1.0569140 
0 0 1 0. 1. 
       0.2846000              1.0000000 
0 2 4 4. 1. 
      35.1800000              0.0195800 
      7.9040000                0.1242000 
      2.3050000                0.3947140 
      0.7171000                0.6273760 
0 2 1 0. 1. 
      0.2137000                1.0000000 
 
The basis set of Ru  (Crystal09 format): 
244 7  
HAYWSC  
0 0 3 2.0 1.0  
2.565      -1.043106   
1.508       1.331479   
0.5129      0.5613065   
0 0 4 1.0 1.0  
2.565       0.8770128   
1.508      -1.263466   
0.5129     -0.8384987   
0.1362      1.063777   
0 2 3 6.0 1.0  
4.859      -0.0945755   
1.219       0.7434798   
0.4413      0.3668144  
0 2 3 0.0 1.0  
4.859       0.02740523   
1.219      -0.2772674   
0.4413     -0.01280913   
0 2 1 0.0 1.0  
0.1301      1.0  
0 3 3 7.0 1.0  
4.195       0.0485729   
1.377       0.5105223   
0.4828      0.5730028  
0 3 1 0.0 1.0   
0.1329      1.0 
 
II. Comparison of calculations of IrO2 between local basis set (Local 
 Basis) and plane wave basis set (Plane Waves) 
 
 
A. Lattice constant and internal geometry 
 
Method a [bohr] c [bohr] u 
Local basis 8.540 6.040 0.3087 
Plane Waves 8.575 6.015 0.3083 
All electron
1
 8.50 5.96 0.307 
Exp.
2
 8.513 5.969 0.3077 
 
Table S1: The lattice constants and internal geometry computed using local basis set (Crystal 
09
3
) and plane wave basis set codes (Quantum Espresso Package
4
). The published all electron 
data and experimental data are also listed. 
 
   B.  Band structure computed at PBE 
 
 
Figure S1. The band structure of IrO2 computed by local basis set (orange curves) and plane 
wave basis set (black dots) codes. 
 
C. Vibrational frequencies of IrO2 computed at PBE 
 
Mode(Symmetry ) Local basis (cm
-1
) Plane waves (cm
-1
) 
1 (B1u-B3u) 0 0 
4  (B1g) 170 168 
5  (B1u) 183 177 
6  (B2u) 228 233 
7  (B3u) 228 233 
8  (B2u) 363 364 
9  (B3u) 370 364 
10 (B1g) 370 367 
11 (B2g) 521 554 
12 (B3g) 521 554 
13 (B1u) 656 680 
14 (B1u) 679 700 
15 (Ag) 698 724 
16 (Ag) 725 734 
17 (B2u) 725 737 
18 (B3u) 731 737 
Table S2. Vibrational frequencies of bulk IrO2 computed by local basis set and plane basis set 
codes. 
 
 
III. Spin coupling constant derivation for RuO2 
 
       Since the atomic state of RuO2 is a triplet, coupling two Ru atoms together 
leads to low lying quintet, triplet and singlet states, spaced by a multiples of 
S(S+1) so that E(S=2)-E(S=1)=2[E(S=1)-E(S=0)].  
      To analyze these spin couplings for our wave functions, consider just the 4 
unpaired d electrons on two adjacent Ru atoms. In the quintet state the wave 
function (the simple Generalized Valence Band (GVB) wavefunctions) is 
[11221324 = 2] where a1 and a2 are the d orbitals on atom 
1 and b1 and b2 are on atom 2, while spin function 
 = 2 = 1234 . This leads to a total inter-atomic exchange 
energy Ex(S=2) = -4K (K is the exchange energy between two parallel spins) if 
we ignore the differences between the shapes of the various atomic d orbitals.  
        For the singlet pairing, the spin function is: 
 
 = 0 = 21234 + 21234 − [12 +
12][34 + 34]/√12                     (1) 
  
leading to a total exchange of Ex(S=0) = +2K. The triplet pairing of the two 
atomic states leads to Ex(S=1) = 0. However in the unrestricted DFT theory, the 
“singlet” state (that is the MS=0 state) uses  = 0= 	12	34 , 
which leads to Ex(MS=0) = 0. Thus to find the true quintet-singlet splitting, we 
multiply the unrestricted DFT value by 3/2. 
 
IV Spin coupling constant computation details for IrO2 
 
We carried out DFT calculations with various distributions of local spins (up to 7 
different configurations) of IrO2. However, the configurations listed in Table 3 
gave the clearest comparisons without mixing J1 and J2, which makes them more 
reliable. We computed J2 by the energy difference between configuration (3) and 
(4): J2=(-0.809+13.074)/32 mHartree for B3PW and J2 = (-1.140+6.515)/32 
mHartree for PBE0; similarly, we computed J1 by the energy difference between 
configuration (1) and (2): J1=-0.313/64 mHartree for B3PW and J1=7.081/64 
mHartree for PBE0.  Similar calculations are also performed for RuO2, except the 
correction for the true quintet-singlet spitting is different as discussed above. 
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